Escherichia coli has an L-alanine export system that protects the cells from toxic accumulation of intracellular L-alanine in the presence of L-alanyl-L-alanine (L-Ala-L-Ala). When a DadA-deficient strain was incubated with 6.0 mM L-Ala-L-Ala, we detected L-alanine and D-alanine using highperformance liquid chromatography (HPLC) analysis at a level of 7.0 mM and 3.0 mM, respectively, after 48 h incubation. Treatment of the culture supernatant with D-amino acid oxidase resulted in the disappearance of a signal corresponding to D-alanine. Additionally, the culture supernatant enabled a D-alanine auxotroph to grow without D-alanine supplementation, confirming that the signal detected by HPLC was authentic D-alanine. Upon introduction of an expression vector harbouring the alanine racemase genes, alr or dadX, the extracellular level of Dalanine increased to 11.5 mM and 8. indicate that E. coli has a transport system(s) that exports D-alanine and that this function is most likely modulated by proton electrochemical potential.
INTRODUCTION
Since Corynebacterium glutamicum has been found to produce L-glutamic acid in culture medium, metabolically engineered strains of C. glutamicum and Escherichia coli have been developed to produce nearly all L-amino acids, establishing an amino-acid fermentation industry. Amino-acid fermentation comprises three processes: uptake of resources (e.g. carbon and nitrogen sources), metabolic transformation and secretion of final products into the extracellular medium. The former two processes are well characterized and the mechanisms by which substrates are imported into cells and amino-acid biosynthetic pathways are well understood. However, the mechanism involved in the last step, amino-acid secretion, remained unknown until the first identification of the L-lysine exporter LysE in C. glutamicum (Vrljic et al., 1996) . Since then, over 10 amino-acid exporters have been found to export L-isoleucine, L-glutamic acid and L-threonine in C. glutamicum (Kennerknecht et al., 2002; Nakamura et al., 2007; Simic et al., 2001) , and homoserine, L-cysteine, L-threonine, L-arginine, L-leucine and aromatic amino acids in E. coli (Dassler et al., 2000; Doroshenko et al., 2007; Kutukova et al., 2005; Livshits et al., 2003; Nandineni & Gowrishankar, 2004) .
Various bacterial strains isolated from nature have been shown to produce alanine in culture medium (Kinoshita et al., 1957) . Wild-type E. coli cells do not intrinsically produce extracellular alanine under normal culture conditions; however, strains have been engineered to generate alanine in culture medium (Zhang et al., 2007) . These observations suggest that bacteria have a system(s) capable of exporting alanine. Recently, Hori and colleagues isolated E. coli mutants deficient in ability to export L-alanine by selecting mutants showing hypersusceptibility to L-alanyl-L-alanine (L-Ala-L-Ala). This was undertaken, based on the hypothesis that mutants lacking an L-alanine exporter(s) would not grow on minimal medium containing the peptide due to toxic levels of intracellular accumulation of L-alanine, which was derived from the imported peptide (Hori et al., 2011a) . Subsequently, four genes (ygaW, ytfF, yddG and yeaS) were identified that encode the L-alanine exporter, with the ygaW gene being renamed alaE because it encodes the major L-alanine exporter (Hori et al., 2011b) . Furthermore, AlaE has recently been found to export L-alanine using protonelectrochemical potential (Kim et al., 2015) .
Regarding D-amino acids, almost all bacteria produce D-alanine and D-glutamic acid in significant quantities as peptidoglycan components (Park, 1996) . Various D-amino acids are synthesized and secreted by an array of bacteria in a stationary phase (Lam et al., 2009 ) and D-amino acids have also been implicated in biofilm disassembly (Kolodkin-Gal et al., 2010) . These findings lead to a hypothesis that D-amino acids have a regulatory function in cell-wall physiology and biofilm development (Cava et al., 2011; Kolodkin-Gal et al., 2010; Lam et al., 2009) . These intriguing observations raise the question of how bacteria secrete D-amino acids. C. glutamicum has recently been found to export D-lysine, D-serine, D-arginine and D-ornithine, with the export of D-lysine reportedly dependent upon LysE (Simic et al., 2001; St€ abler et al., 2011) . In contrast, it is unclear whether E. coli has a system(s) to export D-amino acids. In this study, we determine whether E. coli has the ability to export D-alanine out of cells.
METHODS
Bacterial strains, plasmids and culture conditions. The strains and plasmids used in this study are listed in Table 1 . E. coli cells were grown at 37 C in L-broth containing 1 % tryptone, 0.5 % yeast extract and 0.5 % NaCl or minimal medium (Fisher et al., 1981) containing 22 mM glucose, 7.5 mM (NH 4 ) 2 SO 4 , 1.7 mM MgSO 4 , 7 mM K 2 SO 4 , 22 mM NaCl and 100 mM sodium phosphate (pH 7.1). When necessary, kanamycin (KM, 12.5 µg ml
À1
) and chloramphenicol (CP, 12.5 µg ml À1 ) were added to the medium. Growth was monitored by measuring the absorbance at 660 nm (A 660 ).
D-alanine secretion assay. D-alanine secreted in culture supernatants was determined under different culture conditions. First, cells of E. coli JW1178, JW1178 harbouring either pCA24N-alr or pCA24N-dadX, and their parent strain BW25113 were grown in L-broth containing appropriate antibiotics and collected by centrifugation (13 700 g, 5 min, 23 C), washed twice with 0.85 % NaCl, and resuspended in the original volume of the same solution. The cells (40 µl) were inoculated into 4 ml of fresh minimal medium containing 6 mM L-Ala-L-Ala and KM (12.5 µg ml À1 ), to which 0.01 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) and CP (12.5 µg ml
) were added as needed, and then cultivated at 37 C by reciprocal shaking at 120 rpm in a shaker (EM-36N, TAITEC, Koshigaya, Japan). Cells (200 µl) were collected at 6 h intervals by centrifugation as described above and the supernatant recovered for D-alanine and L-alanine determination. Second, E. coli BW25113, JW1178 and JW1178 harbouring pAlaD (JW1178/pAlaD) were grown overnight at 37 C in L-broth containing CP (12.5 µg ml
) and KM (12.5 µg ml
) as needed and were collected, washed and resuspended as described above. The cells were inoculated (1 % v/v) in minimal medium containing appropriate antibiotics and grown to late-log phase. Cells were collected by centrifugation (8700 g, 10 min, 4 C), washed twice with ice-cold minimal medium and suspended in prewarmed minimal medium with L-Ala-L-Ala (for BW25113 and JW1178) or with 1 % NH 4 Cl instead of L-Ala-L-Ala (for JW1178/pAlaD) and adjusted to an A 660 of 3.0. The former two strains, BW25113 and JW1178, were cultivated at 37 C by shaking at 120 rpm. The latter strain, JW1178/pAlaD, was gently shaken and the gas phase of the test tube was purged with nitrogen gas. Cells (200 µl) were collected at appropriate time intervals by centrifugation (13 700 g, 5 min, 23 C) and the supernatants recovered for D-alanine and L-alanine determination.
Effect of carbonyl cyanide m-chlorophenyl hydrazone (CCCP) on L-alanine and D-alanine secretion from cells. We determined the effect of CCCP and dicyclohexylcarbodiimide (DCCD) on L-alanine and D-alanine secretion under two culture conditions. First, preculture cells of E. coli JW1178 harbouring pAlaD were inoculated (1 % v/v) in minimal medium (20 ml) containing CP (12.5 µg ml
) and grown to late-log phase. The cells were collected by centrifugation (8700 g, 10 min, 4 C), washed twice with ice-cold minimal medium and suspended in pre-warmed minimal medium adjusting to an A 660 of 3.0, and then cultivated by gentle shaking as described above for 1 h. The cells were then divided into two samples, and CCCP and DCCD added to each aliquot at final concentrations of 20 µM and 50 µM, respectively. These cells were incubated and supernatants recovered at 2 h intervals by centrifugation (8700 g, 10 min, 4 C) for D-alanine and L-alanine determination.
Second, for loading JW1178/pAlr cells with L-Ala-L-Ala, preculture cells were inoculated (1 % v/v) in 200 ml of minimal medium containing CP (12.5 µg ml À1 ), KM (12.5 µg ml
) and 0.1 mM IPTG and grown to late-log phase. Cells were collected by centrifugation (8700 g, 10 min, 4 C), washed twice with ice-cold minimal medium,and suspended in~500 µl of pre-warmed minimal medium containing 6 mM L-Ala-L-Ala. These cells were incubated at 37 C with gentle shaking for 1 h to allow accumulation of alanine in the cells and collected by centrifugation (13 700 g, 5 min, 23 C), resuspended in the original volume of minimal medium and then divided into two samples. CCCP and DCCD were added to each cell sample to final concentrations of 20 µM and 50 µM, respectively, and the cells incubated at 37 C by gentle shaking. Culture supernatants were recovered following incubation for 10, 30 and 60 min by centrifugation (8700 g, 10 min, 4 C).
Determination of extracellular D-alanine and L-alanine by highperformance liquid chromatography (HPLC). Optical isomers of alanine were determined as described previously (Aberhart et al., 1985; Marfey, 1984) . Briefly, extracellular fractions were extracted with an equal volume of chloroform by vigorous shaking for 15 min, followed by centrifugation (12 000 g, 5 min, 23 C). The resulting aqueous phase was mixed with ethanol at a ratio of 1 : 4 at 23 C and the mixture centrifuged as described above. Then, 150 µl of the resulting supernatant was mixed with a solution (270 µl) containing 0.19 % Na-(5-fluoro-2,4-dinitrophenyl)-L-alaninamide (Tokyo Chemical Industry Co.) and 0.22 M NaHCO 3 . The mixture was then shaken in the dark at 37 C for 90 min and neutralized by adding 60 µl of 1 M HCl. After derivatization, the solution was mixed with an equal volume of a solution consisting of acetonitrile and sodium phosphate buffer [pH 7.0; (1 : 9)] and D-alanine and L-alanine were separated by HPLC (COSMOSIL/5C18-AR-II Waters, Nacalai Tesque) and detected at 340 nm.
D-amino acid oxidase treatment. The extracellular fractions (100 µl) were mixed with a solution (80 µl) containing 250 mM Tris-HCl (pH 8.3), 2.5 mg ml À1 flavin adenine dinucleotide, and 0.075 mg ml À1 catalase (Wako Pure Chemicals Co.). Then, 20 µl of 6.0 U ml À1 D-amino acid oxidase (Wako Pure Chemicals Co.) was added to the reaction mixture (180 µl) and the mixture was shaken for 30 min at 37 C. The reaction was terminated by mixing with 200 µl of chloroform for 15 min. As a 0 min control, 20 µl of 6.0 U ml À1 D-amino acid oxidase and 200 µl of chloroform were added simultaneously to the reaction mixture (180 µl) and the solution was shaken for 15 min. The resulting supernatants (100 µl) were derivatized as described above and analysed by HPLC. ), dispensed in petri dishes and the medium was allowed to solidify. D-alanine standard solutions (0.1, 0.5, 1.0, 2.5, 5.0 and 10 mM) and the extracellular fractions were placed in a penicillin cup, which had been placed on the surface of the solidified medium. Then, the plates were incubated at 37 C for 18 h.
Construction of JW1178 mutant lacking the alaE gene. An alaEdeficient mutant JW1178DalaE was constructed by the method of Datsenko (Datsenko & Wanner, 2000) . A KM-resistant cassette present in the dadA gene of JW1178 was first removed by transforming pCP20 into JW1178 cells. Next, a DNA fragment containing a KM-resistant cassette was amplified using chromosomal DNA of alaE-deficient strain JW2645 as a template and forward (5¢-TTACGGAATATTTTATCTAC-3¢) and reverse (5¢-ATGGCTTTAGTTCGCGTG-3¢) primers, which corresponded to the upstream and downstream alaE gene, respectively. The resulting DNA fragment was then transformed into JW1178 harbouring pKD46, and the disruptants were selected on an L-agar plate containing 12.5 µg ml À1 of KM.
Preparation of inverted membrane vesicles. JW1178DalaE cells grown in 50 ml of L-broth at 37 C overnight were diluted with 1.45 l of fresh medium and the mixture was incubated on a Bio-shaker BR-300LF (TAITEC Co.) by shaking at 100 rpm until the A 660 reached 1.0. Cells were collected by centrifugation at 8900 g for 10 min at 4 C, washed twice with a solution containing 100 mM potassium phosphate and 10 mM MgCl 2 (pH 7.0), and resuspended in a solution containing 100 mM potassium phosphate, 10 mM MgCl 2, 1 mM dithiothreitol, 20 % glycerol (v/v), and 10 µg ml À1 DNase (Sigma-Aldrich) (pH 7.0). The resulting cell suspension was passed through a French pressure cell (AVESTIN) at 8000 psi and then unbroken cells and large-cell debris were removed by centrifugation at 39 000 g for 25 min at 4 C. Next, the supernatant fraction was centrifuged (Beckman XL-90) at 231 000 g for 1.5 h at 4 C to collect the inverted membrane vesicles, and washed once with the same solution. Pellets were resuspended in the same solution, adjusting the protein concentration to 25 mg ml
, divided into small aliquots, quickly frozen with liquid nitrogen, and then kept at À80 C until use. ) in the absence or presence of 3.13 mM NADH in 100 mM potassium phosphate and 10 mM MgSO 4 (pH 7.0). The reaction was stopped at a given incubation time by diluting a 20-fold volume of quenching buffer containing 100 mM potassium phosphate, 100 mM KCl and 10 mM MgSO 4 (pH 5.5) (Guan et al., 2011) . Then, the mixture was quickly filtrated through a glass fiber filter GF75 (Advantec), followed by washing twice with the same buffer. The filters were immersed in 6 ml of the scintillant Filter-Count (Perkin-Elmer) and the radioactivity was counted after 24 h using a liquid scintillation counter SLC-5001 (Hitach Aloka Medical). When the transport assay was carried out in the presence of CCCP, the membrane vesicles were preincubated for 100 s at 25 C as above, mixed with 0.2 µl of 1.25 mM CCCP, and incubated for a further 20 s at 25 C. After this, transport assay was performed in the presence of 2.5 mM NADH.
RESULTS

Secretion of D-alanine by intact E. coli cells in the presence of L-Ala-L-Ala
We previously showed that (1) an E. coli mutant auxotrophic for both L-alanine and D-alanine secretes a stoichiometric level of L-alanine (~6 mM) in the presence of 3 mM L-Ala-L-Ala, since this strain cannot metabolize L-alanine, and (2) a wildtype strain (MG1655) transiently secretes alanine at a maximum level of about 3.5 mM, followed by disappearance of extracellular alanine under the same conditions (Hori et al., 2011a) . Based on these results, we hypothesized that D-alanine can be secreted if E. coli cells possess an export system(s) for D-alanine. To address this possibility, we resolved D-alanine and L-alanine using the pre-column modification method with Na-(5-fluoro-2,4-dinitrophenyl)-L-alaninamide. When the D-amino-acid dehydrogenase (DadA)-deficient strain JW1178, which cannot catabolize D-alanine due to dadA deficiency (Wild et al., 1978) , was grown in minimal medium containing 6 mM L-Ala-L-Ala, extracellular concentrations of Red recombinase expression plasmid Datsenko & Wanner (2000) L-alanine increased to a level of 9.2 mM after an 18 h incubation and then gradually decreased to 7 mM after 48 h (Fig. 1a) . However, extracellular D-alanine concentrations gradually increased, reaching 3.2 mM after 48 h (Fig. 1a) . Notably, the sum of each alanine stereoisomer was nearly constant after the 18 h incubation, which is in accordance with the phenotype associated with dadA deficiency. In contrast, the parent strain BW25113 secreted a significantly lower level of L-alanine (3.8 mM) after an 18 h incubation, which was subsequently decreased to a level below the detection limit after 48 h (Fig. 1b) . D-alanine was marginally detected after 12-24 h, but not detected after 48 h in the parent strain (Fig. 1b) .
Identification of D-alanine in culture supernatants
In order to verify that the signal detected by HPLC analysis was authentic D-alanine, we performed two experiments. First, extracellular medium obtained in the presence of L-Ala-L-Ala was treated with D-amino acid oxidase before HPLC analysis. As shown in Fig. 2(a, b) , a signal corresponding to D-alanine (retention time: 20.41 min) disappeared following enzyme treatment. When authentic D-alanine was treated with D-amino acid oxidase, a signal (retention time: 20.42 min) disappeared (Fig. 2c, d) . Second, we evaluated its biological activity by a bioassay test using a D-alanine auxotroph (MB2795) as an indicator strain (Fig. 2e) . The culture supernatants of JW1178 obtained in the presence of 6 mM L-Ala-L-Ala enabled MB2795 to grow on L-agar medium without D-alanine supplementation. When culture supernatants of JW1178 obtained in the absence of L-Ala-L-Ala were incubated with 6 mM L-Ala-L-Ala at 37 C for 24 h, the resulting solution did not exhibit any growth of the indicator strain (data not shown). Taken together, the compound detected in the culture supernatants was authentic D-alanine.
Effect of alanine racemase overexpression on D-alanine secretion Next, we determined whether enhanced expression of alanine racemase, Alr or DadX, influenced D-alanine secretion. We transformed JW1178 cells with an expression vector harbouring the alr or dadX gene, and evaluated extracellular D-alanine secreted from each transformant. The level of extracellular D-alanine secreted from JW1178/pAlr gradually increased, reaching~11.5 mM after 48 h under both uninduced and induced conditions (Fig. 3a, b) . Notably, extracellular L-alanine levels were~2.5-fold lower than that observed for D-alanine after 48 h incubation. Uninduced JW1178/pDadX secreted D-alanine, but at lower levels relative to those observed from JW1178/pAlr (Fig. 3c) . Upon dadX gene induction, D-alanine levels increased by approximately 30 %, 40 %, and 20 % at 18 h, 24 h and 48 h, respectively, as compared with levels obtained without induction (Fig. 3d) . However, D-alanine levels remained slightly lower than those observed in JW1178/pAlr. When extracellular D-alanine secreted from JW1178 harbouring pCA24N, an empty vector of pDadX and pAlr, was assessed in the presence of 6 mM L-Ala-L-Ala, its level was nearly the same as that observed in JW1178 (data not shown). These results indicate that an increased metabolic flow from L-alanine to D-alanine catalysed by alanine racemases enhanced D-alanine secretion.
D-alanine and L-alanine secretion in a short-time assay
Hori and colleagues found that cells unable to metabolize D-alanine and L-alanine secreted L-alanine in the presence of L-Ala-L-Ala in a short-time assay ( 30 min) (Hori et al., 2011a (Hori et al., , 2011b . Therefore, we determined whether JW1178 cells would secrete D-alanine in addition to L-alanine using the same short-time assay protocol. As shown in Fig. 4a , b, JW1178 cells secreted both D-alanine and L-alanine in a time-dependent manner, with the concentration of D-alanine reaching 0.6 mM after a 2 h incubation (Fig. 4b) . Secretion of both alanine stereoisomers increased along with increases in L-Ala-L-Ala concentration, although the extent of the increase in D-alanine secretion was small relative to that of L-alanine (Fig. 4c, d ).
Effect of heterologous alanine dehydrogenase on D-alanine secretion
Our results showed that E. coli cells have the ability to secrete D-alanine under experimental conditions when the source of L-alanine was extracellular L-Ala-L-Ala. Therefore, we determined whether E. coli cells could secrete D-alanine that is derived from an intrinsic biosynthetic process. For this, we employed heterologous alanine dehydrogenase from Bacillus stearothermophilus, which synthesizes L-alanine from pyruvate under anaerobic conditions (Hori et al., 2011b) . JW1178 cells expressing the plasmid-borne alaD gene secreted L-alanine in a time-dependent manner as (Fig. 5a ). Interestingly, D-alanine was also secreted in a time-dependent manner, reaching 0.4 mM after 3 h (Fig. 5b) . As a control, we determined extracellular D-alanine and L-alanine secreted from JW1178/pSTV29, which possessed an empty vector of pAlaD, under the same anaerobic conditions. Neither D-alanine nor L-alanine was detected in the culture supernatants (data not shown), demonstrating that a shift of metabolic flow, leading to an increase in the intracellular L-alanine, was a prerequisite for both types of alanine secretion. The results clearly indicate that E. coli cells have an ability to secrete D-alanine synthesized in the cell.
Effect of carbonyl cyanide m-chlorophenyl hydrazone and dicyclohexylcarbodiimide on D-alanine and L-alanine secretion from alaDexpressing cells
These results suggested that D-alanine was secreted through an as-yet-unidentified transport system(s). However, we could not rule out the possibility that D-alanine was secreted by diffusion through the lipid bilayer due to its hydrophobic nature and small molecular size (Hori et al., 2011a) . Therefore, we hypothesized that if D-alanine is secreted via an export system(s) at the expense of biological energy, an energy inhibitor should affect the D-alanine secretion process. To address this issue, we determined the impact of CCCP, which dissipates the proton-electrochemical potential, and DCCD, an ATPase inhibitor, on extracellular D-alanine and L-alanine levels in JW1178/pAlaD cells under anaerobic conditions. When CCCP was added to the cells after 1 h and the incubation was continued, extracellular L-alanine levels increased (Fig. 6a) , indicating that an L-alanine export system(s) was influenced by the cellular energy state. In contrast, D-alanine levels decreased as a result of CCCP treatment (Fig. 6b) . We assumed that the enhanced L-alanine secretion slowed down a racemase reaction due to a reduced level of intracellular L-alanine, resulting in a decline in extracellular D-alanine. Interestingly, however, DCCD treatment did not have any impact on the secretion of D-alanine and L-alanine under the conditions tested.
Effect of carbonyl cyanide m-chlorophenyl hydrazone and dicyclohexylcarbodiimide on Dalanine and L-alanine secretion from L-Ala-L-Alaloaded cells
We next determined extracellular D-alanine and L-alanine secretion from L-Ala-L-Ala-loaded cells in order to characterize the nature of the D-alanine-secretion pathway (Fig. 7) . In the presence of CCCP, levels of extracellular D-alanine and L-alanine increased~twofold relative to those in untreated control cells after incubation for 0.5 and 1 h. Importantly, however, levels of extracellular D-alanine and L-alanine did not change as a result of DCCD treatment (Fig. 7c, d ). Based on these results, we concluded that E. coli has a D-alanine export system(s) that somehow relates to the cellular energy state, specifically the proton-electrochemical potential. 
D-alanine accumulation in inverted membrane vesicles
To demonstrate D-alanine export in E. coli more directly, we employed an in vitro assay system. For this purpose, we prepared inverted membrane vesicles from JW1178DalaE cells and determined [ 
DISCUSSION
In our previous study, E. coli was found to possess L-alanine export systems where the alaE gene was identified to encode the major L-alanine exporter AlaE (Hori et al., 2011b; Kim et al., 2015) . Since wild-type E. coli cells usually do not secrete alanine under normal culture conditions (Hori et al., 2011a; Kinoshita et al., 1957) , a physiological function of the L-alanine exporter, AlaE, was assumed to be a 'safety valve' that protects the cells from toxic levels of accumulated L-alanine and its derivatives (Hori et al., 2011b) . In terms of D-alanine, free D-alanine is liberated during peptidoglycan synthesis in the extracellular milieu. However, this activity is unlikely to be a system by which D-alanine is secreted from the cells, since E. coli has a high-affinity D-alanine-uptake system (Robbins & Oxender, 1973) and alanine (L-alanine and/or D-alanine) could not be detected in the culture supernatant of wild-type E. coli cells as described above (Hori et al., 2011a (Hori et al., , 2011b . Therefore, a pathway for D-alanine export, if any, remains to be investigated. Here, we determined whether E. coli has the ability to export D-alanine. For this, we employed a dadA-deficient strain (JW1178), given that JW1178 cells deficient in the alaE gene (JW1178DalaE) showed hypersusceptibility to L-Ala-L-Ala at levels similar to those observed in the alaEdeficient L-alanine and D-alanine auxotroph MLA301 (data not shown). This indicated that intracellular L-alanine levels in JW1178DalaE should be high, which in turn may lead to high levels of intracellular D-alanine. We thus employed two experimental conditions where the intracellular D-alanine level was likely to be increased: (1) aerobic cultivation of dadA-deficient cells in the presence of 6 mM L-Ala-L-Ala, and (2) anaerobic cultivation of cells expressing heterologous alanine dehydrogenase in the presence of ammonium chloride. Consequently, we found that E. coli secreted D-alanine under both conditions. The results were interpreted to mean that E. coli has a D-alanine export system(s) on the basis of the following results: (1) JW1178 cells secreted D-alanine in the presence of 6 mM L-Ala-L-Ala (Fig. 1) ; (2) expression of the plasmid-borne alr or dadX gene, which encode anabolic and catabolic alanine racemase, respectively (Wild et al., 1985) , enhanced D-alanine secretion in the presence of 6 mM L-Ala-L-Ala (Fig. 3) ; (3) short time-course studies showed time-dependent and extracellular L-Ala-L-Ala concentration-dependent D-alanine secretion from the cells (Fig. 4) ; (4) JW1178/pAlaD cells expressing alanine dehydrogenase from B. thermophilus secreted D-alanine under anaerobic conditions (Fig. 5) ; (5) CCCP influenced the extracellular levels of L-alanine and D-alanine in JW1178/pAlaD cells under anaerobic culture conditions, however, DCCD had no effect on their extracellular levels (Fig. 6) ; and (6) extracellular D-alanine and L-alanine levels secreted from L-Ala-L-Ala-loaded JW1178 cells increased~twofold upon CCCP treatment, but not by DCCD treatment (Fig. 7) .
One may argue that the appearance of extracellular D-alanine could be due to simple diffusion across the membrane, given its relatively hydrophobic nature and small size relative to other amino acids (Hori et al., 2011a) . However, this is unlikely since: (1) CCCP does not cause nons-pecific effects on membrane permeability toward solutes (Kaback et al., 1974) ; (2) if D-alanine is secreted by diffusion, CCCP and DCCD treatments should exert the same effects on D-alanine released from the cells, however, this was not the case (Fig. 6) ; (3) CCCP and electron-transfer inhibitors induce carrier-mediated efflux of preloaded lactose (Kaback & Barnes, 1971 ) and several amino acids, including alanine (Lombardi & Kaback, 1972) , respectively; and (4) if D-alanine is secreted by diffusion, but not by a transport system(s), extracellular D-alanine levels released from L-Ala-L-Ala-loaded JW1178 cells should not change upon CCCP treatment. However, the level of D-alanine did increase following CCCP treatment, which was comparable with results observed with L-alanine (Fig. 7a, b) .
We have recently found that activities of an L-alanine exporter, AlaE, were inhibited by CCCP, but not by DCCD, suggesting that proton-electrochemical potential is the energy source for AlaE transport activity (Kim et al., 2015) . Furthermore, AlaE was found to catalyse the L-alanineexchange reaction using inverted membrane vesicles that had been preloaded with unlabelled L-alanine in the absence of an energy source (Kim et al., 2015) . Thus, we assumed that an increase in extracellular L-alanine levels upon treatment of L-Ala-L-Ala-loaded JW1178 cells with CCCP was likely caused by an enhanced rate of L-alanine efflux through AlaE. Analogous to this, D-alanine could also have been secreted by an as-yet-unidentified transport protein(s). It is possible that extracellular D-alanine could be secreted via AlaE; however, we assumed that AlaE is not a primary D-alanine-secretion pathway, given that levels of D-alanine secreted from JW1178 cells lacking alaE (JW1178DalaE) in the presence of 6 mM of L-Ala-L-Ala were similar to those from its parent (JW1178), despite the fact that levels of extracellular L-alanine secreted from JW1178DalaE cells decreased relative to those from JW1178 cells in our preliminary experiments (data not shown). Indeed, inverted membrane vesicles prepared from JW1178DalaE cells accumulated [
3 H]D-alanine in an energy-dependent manner (Fig. 8) , indicating clearly that an as-yet-unidentified transporter(s), other than AlaE, catalysed the D-alanine secretion. Furthermore, when the in vitro transport assay was performed in the presence of 2 mM ATP, no accumulation of 
